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The visual system is split into two processing streams: a ventral stream that receives color
and form information and a dorsal stream that receives motion information. Each stream
processes that information hierarchically, with each stage building upon the previous. In
the ventral stream this leads to the formation of object representations that ultimately
allow for object recognition regardless of changes in the surrounding environment. In
the dorsal stream, this hierarchical processing has classically been thought to lead to
the computation of complex motion in three dimensions. However, there is evidence to
suggest that there is integration of both dorsal and ventral stream information into motion
computation processes, giving rise to intermediate object representations, which facilitate
object selection and decision making mechanisms in the dorsal stream. First we review
the hierarchical processing of motion along the dorsal stream and the building up of object
representations along the ventral stream. Then we discuss recent work on the integration
of ventral and dorsal stream features that lead to intermediate object representations in the
dorsal stream. Finally we propose a framework describing how and at what stage different
features are integrated into dorsal visual stream object representations. Determining the
integration of features along the dorsal stream is necessary to understand not only how
the dorsal stream builds up an object representation but also which computations are
performed on object representations instead of local features.
Keywords: feature integration, dorsal pathway, object representation, motion processing, decision making
INTRODUCTION
Classically, visual processing from the retina onwards is described
as following two general principles. One, the processing of differ-
ent types of visual information is anatomically segregated into two
visual streams, and two, each stream is comprised of hierarchical
processing where each stage builds upon the previous stage,
becoming increasingly more complex. In the ventral pathway this
ultimately results in an ability to recognize objects in spite of
changes in the surrounding environment or changes in certain
object features (i.e., position, orientation, viewing angle, size,
etc). In the dorsal pathway this hierarchical processing produces
computations of complex motion of objects within the environ-
ment around us, either as we are stationary or moving through
that environment. Because of this functional separation, there
are many models of object representation in the ventral stream
(see Peissig and Tarr, 2007 for a review) and many models of
motion processing in the dorsal stream (for reviews see Burr and
Thompson, 2011; Nishida, 2011), but motion processing research
has been mostly devoid of investigations as to the nature or
existence of object representations in the dorsal stream. In fact,
the vision for action theory of dorsal stream function (Goodale
and Milner, 1992; Goodale, 2008, 2013) would suggest that even
though there might not be an internal representation of the
object as a whole (see Farivar, 2009 for an alternative view),
there are representations of features of an object that are relevant
for action in real time. Evidence for this comes from spared
functions in visual agnosia wherein damage to the ventral pathway
eliminates the ability to recognize objects but spares scaling and
orientation of the hand when grasping objects (Goodale et al.,
1991, 1994; Milner et al., 2012). In addition, parietal regions
of the dorsal pathway involved in reaching and grasping show
selectivities for the orientation, shape and size of objects (Taira
et al., 1990; Gallese et al., 1994; Murata et al., 2000; Fattori et al.,
2005).
More recently, investigations into cross-talk between the two
visual streams suggest that there are object representations in
the dorsal stream (Schiller, 1993; Sereno and Maunsell, 1998;
Tsutsui et al., 2001; Sereno et al., 2002; Peuskens et al., 2004;
Durand et al., 2007; Lehky and Sereno, 2007; Wannig et al.,
2007; Konen and Kastner, 2008; Tchernikov and Fallah, 2010;
Perry and Fallah, 2012). It is important to note however, that
this object representation would not necessarily be one that gives
rise to object recognition, as in the ventral stream. For exam-
ple, it has been shown that recognition of objects constructed
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from coherently moving dots (structure-from-motion) is severely
impaired in visual agnosiacs (Huberle et al., 2012). These cross-
talk studies suggest however, that the motion computations that
occur within the dorsal stream can benefit from an intermediate
object representation that includes different features of the object.
This intermediate object representation would allow for selection
of one moving object over others contained within the visual field
as seen with flankers and crowding (Livne and Sagi, 2007; Malania
et al., 2007; Sayim et al., 2008; Manassi et al., 2012; Chicherov
et al., 2014), and superimposed surfaces (Valdes-Sosa et al., 1998;
Rodríguez et al., 2002; Mitchell et al., 2003; Reynolds et al., 2003;
Stoner et al., 2005; Fallah et al., 2007; Wannig et al., 2007).
In this review we will first give a brief overview of the hier-
archical nature of feature processing in both the ventral and
dorsal pathways. Various models of the ventral stream have been
proposed wherein each integrates features to build up an object
representation (scale invariant feature transform (SIFT): Lowe,
1987; Neocognitron: Fukushima, 1975; hierarchical model and X
(HMAX): Riesenhuber and Poggio, 1999, and others. For review
see Poggio and Ullman, 2013), often based on behavioral and neu-
rophysiological studies (Cowey and Weiskrantz, 1967; Gross et al.,
1971, 1972; Dean, 1976; Marr and Nishihara, 1978; Biederman,
1987; Biederman and Cooper, 1991). However, the dorsal stream
has generally been relegated to models and algorithms that build
up more complex motion representations, from the prior stage’s
processing (Marr and Ullman, 1981; Adelson and Bergen, 1985;
Cavanagh and Mather, 1989; Taub et al., 1997; Krekelberg and
Albright, 2005; Pack et al., 2006; Tsui and Pack, 2011; Mineault
et al., 2012; Krekelberg and van Wezel, 2013; Patterson et al., 2014;
for review see Burr and Thompson, 2011). This may be due to the
fact that many behavioral and neurophysiological studies of the
dorsal stream have used paradigms that are focused on individual
motion features instead of object representations. While feature
integration and object representations that lead to object based
selection are fairly well understood concepts within the context
of the ventral pathway, less is known about how and where these
processes occur in the dorsal pathway. We will systematically
review the studies that do shed light into which stages of the
dorsal stream use object representations vs. motion features. Our
aims are to provide a framework for object representations within
the dorsal stream and propose where the anatomical locations
of these representations may be. We find that motion features
but not object representations are used up to global motion
processing, as is found in area middle temporal (MT). The next
stage of processing, area medial superior temporal (MST), relies
on intermediate object representations based on smooth pursuit
and glass pattern studies. Finally, intermediate object representa-
tions can be used by the decision making circuitry further down
the dorsal stream (e.g., area lateral intraparietal (LIP)), which
results in faster decisions. It should be noted that the review of
literature presented here is strictly limited to those processes that
are pertinent to the current discussion and thus is not by any
means exhaustive.
HIERARCHICAL VISUAL PROCESSING
DORSAL PATHWAY
The dorsal visual pathway is specialized for motion processing.
Much research has determined the hierarchical nature of motion
processing wherein each stage builds upon the previous stage’s
output leading to understanding of the algorithms and connectiv-
ity to produce models of the different stages of motion processing
(Marr and Ullman, 1981; Adelson and Bergen, 1985; Cavanagh
and Mather, 1989; Taub et al., 1997; Krekelberg and Albright,
2005; Pack et al., 2006; Tsui and Pack, 2011; Mineault et al., 2012;
FIGURE 1 | Hierarchy of visual processing in ventral and dorsal streams. Gray boxes, from V2 on, depict select features processed at each region along the
dorsal pathway. Black boxes, from V2 on, represent features processed along the ventral pathway.
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Krekelberg and van Wezel, 2013; Patterson et al., 2014; for review
see Burr and Thompson, 2011). It is important to note that these
models focus on the transformation of motion information and
not its integration into object representations. Although motion
can produce form cues to be used in representing objects in
the ventral stream, e.g., structure-from-motion (Johansson, 1973,
1976; Siegel and Andersen, 1988; Bradley et al., 1998; Grunewald
et al., 2002; Jordan et al., 2006), object representation in the
dorsal stream has not been historically focussed upon. This sec-
tion briefly reviews the anatomical and functional hierarchy for
motion processing (see Figure 1 for an overview).
V1
Magnocellular cells in the retina and lateral geniculate nucleus
(LGN) provide the input to motion processing in the dorsal
pathway. These cells are sensitive to low luminance and also
to lower spatial and higher temporal frequencies, but are not
sensitive to color. They project to layer 4Cα in the primary visual
cortex (V1). In V1complex cells are sensitive to the motion of
oriented moving edges, bars or gratings (Hubel and Wiesel, 1968;
Hubel et al., 1978; Adelson and Bergen, 1985) and show direction
selectivity (Orban et al., 1986; Movshon and Newsome, 1996).
Complex cells also show the combined spatiotemporal frequency
tuning necessary for early speed selectivity (Orban et al., 1986;
Priebe et al., 2006). In addition, it has been shown that V1 cells
respond only to the local (or component) motion contained in
complex patterns (Movshon and Newsome, 1996).
V2
Motion information, from layer 4B in V1, projects to the thick
stripes in V2 (Hubel and Livingstone, 1987; Levitt et al., 1994).
Although not traditionally thought to play a central role in
motion processing, the thick stripes in V2 provide the second
largest input to area MT (DeYoe and Van Essen, 1985; Shipp
and Zeki, 1985; Born and Bradley, 2005) and it has recently been
suggested that directional maps could first emerge in V2 (Lu et al.,
2010; however, see Gegenfurtner et al., 1997 for an alternative
view).
MT
While MT is the next stage of motion processing after V2, it
also receives significant input directly from V1 (Felleman and
Van Essen, 1991; Born and Bradley, 2005). MT cells are sensitive
to many features associated with 2D motion such as direction
(Maunsell and Van Essen, 1983; Albright, 1984; Lagae et al., 1993),
speed (Maunsell and Van Essen, 1983; Lagae et al., 1993; Perrone
and Thiele, 2001; Priebe et al., 2003; Brooks et al., 2011), and
spatial frequency (Priebe et al., 2003; Brooks et al., 2011). The
increase in receptive field size and the unique characteristics of
MT cells allow for the processing of both local (component)
and global (pattern/random dot kinetograms) motion (Pack and
Born, 2001; gratings: Adelson and Movshon, 1982; Rodman and
Albright, 1989; random dot kinetograms (RDKs): Britten et al.,
1992; Snowden et al., 1992). This allows MT to both integrate the
motion of multiple dots or incongruent motions created by edges
within the same object, and also to separate multiple moving
objects from each other. It is important to note that neurons in
area MT have been shown to not be color selective (Maunsell and
Van Essen, 1983; Shipp and Zeki, 1985; Zeki et al., 1991; Dobkins
and Albright, 1994; Gegenfurtner et al., 1994).
MST
With the local and global 2D motion information from area MT,
area MST has been implicated in processing complex, 3D motion
and in the start of computations of optic flow and self-motion
which are dependent on the analysis of 3D motion. Area MST
has been anatomically divided into lateral (MSTl) and dorsal
(MSTd) regions, where MSTl is thought to be intricately involved
in computing the velocity signals of object trajectories used in the
maintenance of pursuit eye movements (Tanaka et al., 1993; Ilg,
2008). In comparison, neurons in MSTd are selective for rotations
and expansion/contraction motion (Saito et al., 1986), or their
combination, aka spiral motion (Graziano et al., 1994; Mineault
et al., 2012). MSTd neurons are also selective for optic flow (Duffy
and Wurtz, 1991a,b). In fact MSTd neurons can take optic flow
and compute the heading or direction of self-motion (Duffy and
Wurtz, 1995; Gu et al., 2006).
Beyond MST
After MST, the dorsal pathway continues into the posterior pari-
etal cortex. Motion processing therein involves more complicated
optic flow and self-motion patterns, including the motion of
objects while the viewer is also moving (Phinney and Siegel, 2000;
Raffi and Siegel, 2007; Raffi et al., 2010; Chen et al., 2013; Raffi
et al., 2014;). For example, cells in area 7a are tuned to distinguish
between types of optic flow (Siegel and Read, 1997), and neurons
in caudal pole of the superior parietal lobule (Brodmann area 5)
(PEc) can combine optic flow information with signals regarding
the position of the head and eye (Raffi et al., 2014).
VENTRAL PATHWAY
The ventral visual pathway processes form and color information
in a hierarchical stream that builds up separately and then inte-
grates into intermediate and full object representations (Marr and
Nishihara, 1978; Biederman, 1987; Biederman and Cooper, 1991)
ending with object recognition (Cowey and Weiskrantz, 1967;
Gross et al., 1971, 1972; Dean, 1976). Thus, hierarchical models
of the object representation and recognition focus on feature
integration in the ventral stream (SIFT: Lowe, 1987; Neocogni-
tron: Fukushima, 1975; HMAX: Riesenhuber and Poggio, 1999,
and others. For review see Poggio and Ullman, 2013). This sec-
tion briefly reviews the anatomical and functional hierarchy for
building up an object in the ventral pathway (see Figure 1 for an
overview).
V1
Input to V1 in the ventral pathway comes mainly from the par-
vocellular layers of the LGN with additional magnocellular input
(Ferrera et al., 1992, 1994). Parvocellular cells, sensitive to color,
high contrasts, and high spatial and low temporal frequencies,
project to layer 4Cβ of V1 which is subsequently divided into color
blobs and form interblobs. Blobs are color selective but contrast
and size invariant (Solomon et al., 2004; Solomon and Lennie,
2005), and untuned for orientation (Livingstone and Hubel, 1987;
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Ts’o and Gilbert, 1988; Roe and Ts’o, 1999; Landisman and Ts’o,
2002; Shipp and Zeki, 2002). Interblobs are orientation selective
for multiple stimulus types, i.e., edges, bars, gratings (Hubel
and Wiesel, 1968; Hubel et al., 1978). Both blobs and interblobs
process features without regard to objects, although feedback can
produce object-based modulation (Roelfsema et al., 1998) and
may be involved in representing objects (Fallah and Reynolds,
2001; Roelfsema and Spekreijse, 2001).
V2
While color processing (interstripes) changes little from that seen
in V1, there is notable progression in form processing (thin
stripes). V2 neurons are sensitive to the orientation of edges that
are defined either by illusory contours or texture (von der Heydt
et al., 1984; Peterhans and von der Heydt, 1989; von der Heydt and
Peterhans, 1989). V2 cells also encode border ownership (Zhou
et al., 2000) which is the first stage of assigning an oriented edge
to an object representation. Thus contour-based object represen-
tation starts in V2.
V4
Neurons in V4 are tuned for hue that is unaffected by lumi-
nance and not limited to a set of colors along the cardinal
color axes (red-green, blue-yellow) as seen in V1 (Conway and
Livingstone, 2006; Conway et al., 2007). Center-surround inter-
actions produce encoding of perceived color instead of physical
color (Schein and Desimone, 1990). Thus, V4 is the first repre-
sentation of perceived color which is the earliest stage at which
color should be incorporated into an ecologically valid object
representation.
Form processing in V4 combines multiple, spatially-adjacent,
orientation responses seen in V1 and V2 to encode angles and cur-
vatures (Pasupathy and Connor, 1999). These responses advance
the nascent object representation from border ownership (Orban,
2008) to responses that are dependent on the placement of the
curvature with respect to the center of the shape (Pasupathy and
Connor, 2001).
Selection for the orientation of contours created between mov-
ing objects (kinetic contours) emerges in V4 (Mysore et al., 2006).
Accordingly, a subset of V4 neurons are directionally selective
(Ferrera et al., 1992, 1994; Li et al., 2013). Therefore, it should
be noted that the intermediate object representations in area V4
can include motion features as well as color and shape.
IT cortex
Inferior temporal (IT) cortex has a range of object property
complexity starting with simpler features posteriorly (PIT or
TEO: Tanaka et al., 1991; Kobatake and Tanaka, 1994) that
increase in complexity as processing moves anteriorly (AIT
or TE) to represent objects and perform object recognition
(Cowey and Weiskrantz, 1967; Gross et al., 1971, 1972; Dean,
1976). This includes complex shapes, combinations of color
or texture with shape (Gross et al., 1972; Desimone et al.,
1984; Tanaka et al., 1991), and body parts (faces or hands: see
Gross, 2008 for a review). In addition, responses in IT cor-
tex are position and size invariant (Sato et al., 1980; Schwartz
et al., 1983; Rolls and Baylis, 1986; Ito et al., 1995; Logothetis
and Pauls, 1995) and also invariant to changes in luminance,
texture, and relative motion (Sáry et al., 1993). Combined,
these characteristics make IT ideal for representing objects
despite changes in the surrounding environment and retinal
image.
FEATURE INTEGRATION IN THE DORSAL STREAM
Classically, as presented above, it is thought that the ven-
tral pathway is involved in the creation of object represen-
tations and categorizations that allow for recognition, object-
based selection and decision making processes. Comparatively,
the early dorsal stream is most often thought to be special-
ized for motion processing. Growing evidence suggests however,
that processing in the dorsal stream may also allow for object
based selection and decision making, which is consistent with
later dorsal stream involvement in visumotor guidance, e.g.,
vision for action (Goodale and Milner, 1992; Goodale, 2008,
2013). In the ventral stream, the object-file theory (Kahneman
et al., 1992) has been supported by growing empirical evidence
(Mitroff et al., 2005, 2007, 2009; Noles et al., 2005). Object-
files collect, store and update information regarding specific
objects over time. They are considered to be mid-level repre-
sentations of objects that do not rely on higher-level object
categorizations.
While motion processing studies have focused on individual
motion features like direction or speed discriminations of a single
moving stimulus, these motion computations could instead be
working on intermediate object representations. We hypothe-
size that later dorsal stream processing occurs on intermedi-
ate object representations formed by feature integration instead
of on independent motion features. Further we propose that
the intermediate object representations also integrate ventral
stream information such as color or form. Here we present
evidence that support the presence of intermediate (or mid-
level) object representations in the dorsal stream, resulting from
both ventral and dorsal stream features being integrated into an
object-file.
There are multiple ways to investigate the mechanism and
timing of feature integration (Cavanagh et al., 1984; Kahneman
et al., 1992; Croner and Albright, 1997; Mitroff et al., 2005;
Bodelón et al., 2007; Perry and Fallah, 2012 among others). To
study feature integration in the dorsal pathway, it is practical to
utilize stimuli that activate motion processing regions. Area MT
is well known to be involved in direction computations of moving
stimuli including the global motion of RDKs (Britten et al., 1992;
Snowden et al., 1992). The use of coherently moving, superim-
posed RDK’s that produce the perception of two superimposed
objects moving in different directions controls for spatial location,
allowing for investigation of object properties (Valdes-Sosa et al.,
1998; Rodríguez et al., 2002; Mitchell et al., 2003; Reynolds et al.,
2003; Stoner et al., 2005; Fallah et al., 2007; Wannig et al., 2007). In
addition, direction discrimination of two superimposed surfaces
becomes more difficult as the presentation time decreases (Valdes-
Sosa et al., 1998), suggesting that there is a limitation in speed of
processing.
Using two superimposed RDKs does, however, create a per-
ceptual illusion known as direction repulsion. Instead of the
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directions of the two superimposed surfaces being integrated,
the directions are perceived as being repulsed away from the
real directions of motion (Marshak and Sekuler, 1979; Mather
and Moulden, 1980; Hiris and Blake, 1996; Braddick et al.,
2002; Curran and Benton, 2003). This phenomenon can also
be observed with superimposed gratings under conditions that
produce motion transparency (Kim and Wilson, 1996). Direc-
tion repulsion is the result of inhibitory, repulsive interac-
tions (Marshak and Sekuler, 1979; Mather and Moulden, 1980;
Wilson and Kim, 1994; Kim and Wilson, 1996; Perry et al.,
2014) between the directions of motion at the level of global
motion processing in area MT (Wilson and Kim, 1994; Kim
and Wilson, 1996; Benton and Curran, 2003). We will present
studies on the integration of features into the dorsal stream
wherein the direction repulsion paradigm is used to distinguish
between perceptual alterations in the magnitude of direction
repulsion and processing speeds needed to make the percep-
tual decisions (Perry and Fallah, 2012; Perry et al., 2014).
The results provide insight into where features are integrated
and when an intermediate object representation is likely to
occur.
INTEGRATION OF COLOR
Color is a feature that is processed in the ventral stream through
input from parvocellular cells.
Many neuronal studies have found that neurons in the dorsal
pathway are not sensitive to color (Maunsell and Van Essen, 1983;
Shipp and Zeki, 1985; Zeki et al., 1991; Dobkins and Albright,
1994; Gegenfurtner et al., 1994). In fact, ecologically speaking,
color is an irrelevant feature when it comes to processing motion,
as in the color of a ball should not matter when attempting to
catch it. In spite of this, a number of studies have found that
color does in fact alter different aspects of motion processing
(Croner and Albright, 1997, 1999; Tchernikov and Fallah, 2010).
This would suggest that there is integration of color with motion
information in the dorsal stream.
We investigated the effects of color on direction repulsion
(Figure 2) to determine whether cross-stream feature integration
affects direction discrimination, which would support the use of
intermediate object representations in motion processing. Two
superimposed, coherently moving RDK’s were presented, initially
for 2000 ms. Each surface could move in one of 12 directions
relative to either the vertical or horizontal axes, and both direc-
tions created angle differences between the two surfaces ranging
between 70◦ and 110◦. If participants correctly determined the
directions of both surfaces ≥7/8 times, the presentation time
decreased, if participants failed to meet this criterion, the time
increased. This process continued until participants completed
a double reversal. The time needed to process both surfaces
correctly (Presentation Time) was estimated to within ±50 ms.
Direction repulsion was calculated as being the angle difference
between the perceived directions of motion and the actual direc-
tions of the surfaces.
If segmenting the two superimposed surfaces by color
(Figure 2B) reduced direction repulsion, compared to when both
surfaces were the same color (Figure 2A), this would suggest
that color information from the ventral stream is integrated into
motion processing in the dorsal stream prior to or at the time
that global motion processing is computed, e.g., the stage where
mutual inhibition gives rise to repulsion.
Previous work found that when segmenting coherently
moving dots of one color from distractor dots of a different color
in the same RDK, color acts as a filter that allows for improve-
ments in direction discriminations, behaviorally in humans and
animals (Croner and Albright, 1997) and in the responses of
area MT neurons (Croner and Albright, 1999). In this case, color
would be gated earlier (in V2) allowing for the suppression of
distractor colored input to MT. This effectively allows MT to
process the coherently moving dots as if they were appearing
alone and in turn improves direction computation. Thus when
the distractor color is known, color filters can suppress input to
motion processing, a finding that has been replicated in super-
imposed surfaces (Wannig et al., 2007). Based on these findings,
we hypothesized that integrating the color with the motion of
the two superimposed surfaces might also allow for the surfaces
to be individually filtered by color and in turn reduce direction
repulsion.
Surprisingly, when selecting between multiple moving surfaces
that are different colors, direction discrimination is unchanged
from that seen when both surfaces are the same color (Figure 3A).
Therefore, the global motion processing of a moving RDK is not
performed on intermediate object representations, but instead
relies on processing the individual motion features. There is
however, a large decrease (43% reduction) in the processing time
needed to correctly determine both directions of motion. When
both surfaces are the same color, processing both directions took
almost 1500 ms, but when the surfaces were different colors,
processing time was reduced to ∼840 ms (Figure 3B; Perry and
Fallah, 2012). We have suggested previously (Perry and Fallah,
2012; Perry et al., 2014) that it is most likely processing time
is reduced through increasing the speed of the decision making
process. Figure 4A depicts the steps necessary to perform the task
of judging the directions of two superimposed surfaces, and the
time needed for each step (Perry and Fallah, 2012). The super-
imposed dot fields are first segmented (SG) into two surfaces,
and then the direction of one surface is processed (D1). This
would include (Figure 4B) sequential recruitment (Nakayama
and Silverman, 1984; McKee and Welch, 1985; Mikami et al.,
1986), global motion processing, mutual inhibition (repulsion),
and information accumulation for decision making (Shadlen and
Newsome, 1996; Huk and Shadlen, 2005; Palmer et al., 2005; Zak-
sas and Pasternak, 2006; Hussar and Pasternak, 2013). Attention
is switched (SW) to the second surface, and then the direction
of the other surface is processed (D2). When both surfaces are
the same color, correctly processing the direction of both surfaces
takes more than 1000 ms (Figure 4A), but when the surfaces are
segmented by color, the direction of both surfaces is correctly
processed in under 1000 ms (Figure 4C; Perry and Fallah, 2012),
a ∼650 ms decrease in processing time. It could be that the time
needed to segment (SG) the two surfaces is reduced when each
surface is a different color. However, as segmentation is speeded
by not more than 25 ms in texture-defined objects (Caputo
and Casco, 1999) this is unlikely the sole mechanism underlying
such a large decrease in processing time. Alternatively, switching
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FIGURE 2 | Direction repulsion staircase paradigm. Each trial commences
with the appearance of a centrally located fixation point. Once fixation is
maintained for 200 ms, the visual stimulus, two superimposed, coherently
moving in different directions, random dot kinetograms (RDK’s), are
presented in the lower right quadrant. In (A) the two surfaces are the same
color and move at the same speed. In (B) the surfaces are the same speed
but are different colors, and in (C) the surfaces are the same colors but
different speeds. The two surfaces are presented for a variable amount of
time (staircase procedure). Once they are removed, participants use a mouse
to indicate the two directions of motion by clicking on the response circle,
once for each direction. In (B) participants are required to give the direction
for the indicated colored surface in order; the order is randomly assigned
between trials. Initially the visual stimulus is presented for 2000 ms, and
based on participant’s ability to correctly determine both directions of motion,
this time will either increase or decrease in successive blocks of trials. Once
participants reach a double reversal of presentation times, the time needed to
process both directions of motion can be estimated to within ±50 ms.
Direction repulsion is calculated as the difference between the angle created
by the two clicks on the response circle and the angle created by the two real
directions of motion.
attention (SW) between the two surfaces may be speeded when
each surface is a different color. Switching attention between
serially presented objects in the same location (as in attentional
blink) requires only a few hundred milliseconds (Raymond et al.,
1992)—but can be attenuated by around 100 ms when targets
and probes are less similar (Raymond et al., 1995). Again this
mechanism is not sufficient by itself to produce the decrease in
processing time. Therefore, there must be a reduction in the time
needed to process each direction for such a large decrease in
processing time to occur.
In order for color to reduce direction processing time
(Figure 4C), color input would likely have to affect either the
sequential recruitment or decision-making mechanisms includ-
ing information accumulation (Figure 4B) since it does not affect
global motion processing (the mutual inhibition circuit). First,
MT needs to associate individual dots across two frames (sequen-
tial recruitment: Mikami et al., 1986) and pool that information
across enough dots (Britten et al., 1992; Snowden et al., 1992) to
determine the global motions of the two surfaces. If color worked
on sequential recruitment processes, each dot would only need to
be compared to dots of the same color across frames, reducing
the possibilities by half, speeding up the process immensely.
However, by acting as a color filter on sequential recruitment,
this color filtering would also be expected to reduce the direction
repulsion illusion as each set of colored dots would be processed
individually as described earlier (Croner and Albright, 1997,
1999). Instead, there was no change in direction discrimination
when two moving surfaces were superimposed (Perry and Fallah,
2012) which indicates that color could not be used to filter out
the second surface and reduce the possibilities during sequential
recruitment. Alternatively, the integration of color with motion
could affect decision-making. Direction discriminations take the
information from motion processing in area MT (Albright, 1984;
Mikami et al., 1986; Newsome and Paré, 1988; Salzman et al.,
1992), and pass it downstream, to areas like LIP, where it is
accumulated and a decision threshold reached (Shadlen and
Newsome, 1996; Huk and Shadlen, 2005; Zaksas and Pasternak,
2006; Hussar and Pasternak, 2013). If the two surfaces are iden-
tical except for their direction of motion, the direction of each
surface interferes with the accumulation of direction information
for the other surface (Figure 5A—Palmer et al., 2005). This
interference results in a noisy walk to the decision threshold
(accumulator model—Palmer et al., 2005). That is, a decision-
making neuron accumulating information to make a decision
of rightward motion, would treat input from directional cells
preferring rightward motion as positive evidence towards reach-
ing threshold, but input from cells preferring downward motion
interferes reducing the accumulated evidence. This produces a
noisy walk to threshold. More positive evidence would need to
be accumulated before threshold is reached, which means more
processing time is needed. With a second feature (color) added
to each surface, the two sources of input can be distinguished
and selected between. This selection can reduce or eliminate the
input from the interfering surface, which reduces the noise in the
walk towards the decision threshold, increasing the slope and thus
reducing processing time (Figure 5B). Therefore, this requires
that the accumulation of information for direction discrimination
works on intermediate object representations in which color
is integrated with motion. This intermediate object representa-
tion gives the advantage of allowing for competitive selection
of objects (e.g., biased competition: Desimone and Duncan,
1995; Desimone, 1998; Reynolds et al., 2003; Fallah et al., 2007)
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FIGURE 3 | Direction repulsion and processing time results (from Perry
and Fallah, 2012; Perry et al., 2014). (A) There was no significant
modulation of direction repulsion with the addition of color (Different
Color/Same Speed: 13.79◦ ± 1.54 SEM) when compared to the Same
color/Same speed (14.02◦ ± 1.39 SEM) condition. However, direction
repulsion in the Same color/Different speed condition (10.47◦ ± 0.74 SEM)
was significantly less than in the Same color/Same speed condition. (B)
Processing time in both the Different color/Same speed (842 ms ± 209
SEM) and Same color/Different speed (483 ms ± 81 SEM) conditions was
significantly less than in the Same color/Same speed (1488 ms ± 208 SEM)
condition.
at later stages of dorsal stream computations such as decision
making.
In summary, changes in processing time, due to speeded
decision making processes (as proposed above), with no alteration
in direction discrimination, suggest that color is integrated into
dorsal stream intermediate object representations after global
motion processing. This allows for decision-making processes
to use those object representations to reach decision thresholds
faster.
FIGURE 4 | Stages required for direction judgments of two
superimposed objects. Based on the task described in Figure 3. SG =
time needed for Segmentation of the two fields of dots into two surfaces,
based on different directions of motion, SW = time needed to Switch
processing from one surface to the other, D1 and D2 = the time needed to
process the Directions of each superimposed surface (includes sequential
recruitment, global motion computation, information accumulation and
decision making; shown in detail in (B). (A) When the two surfaces differ
only in direction, the time needed to complete all the stages involved in the
task takes more than 1000 ms on average (Perry and Fallah, 2012).
(B) Depicts the processes needed to determine the direction of motion of
one surface (D1). (C) When the surfaces differ in color as well as direction,
processing time significantly decreases to less than 1000 ms (Perry and
Fallah, 2012). (D) When the surfaces differ in speed as well as direction, the
time needed to process both directions is reduced further. As the initial
segmentation (SG) and attentional switch time (SW) do not appreciably
decrease with additional distinguishing features, we propose that the time
needed to complete the task decreases as a result of speeded decision
making processes (D1 and D2—see text for details) and correspondingly, in
(B) and (C) D1 and D2 are depicted as requiring less time than in (A)
(adapted from Perry and Fallah, 2012).
INTEGRATION OF SPEED
Unlike with color, previous investigations of direction repulsion
have shown that when two superimposed surfaces are of different
speeds (Marshak and Sekuler, 1979; Curran and Benton, 2003;
Perry et al., 2014) or different spatial frequencies (Kim and Wil-
son, 1996), direction discrimination improves; direction repul-
sion is attenuated. Given that spatial frequency, speed and direc-
tion are all co-processed within MT (Maunsell and Van Essen,
1983; Albright, 1984; Lagae et al., 1993; Perrone and Thiele, 2001),
this is perhaps not surprising. Comparison of movement between
two frames give us all three of these features. The spatial location
of an object from one frame to the next can be used to calculate
direction and speed, while spatial frequency can be extracted from
the number of times an object appeared over a given distance.
So this information comes in together as a single input and does
not require integration; it is inherent based on the movement
of the stimulus. Consistent with this, neurons in MT are simul-
taneously selective for multiple motion features, such as speed
and direction. Consequently, a neurons response to one feature
(direction for example) can be altered by the response of that same
neuron to a different motion feature (such as speed), and as a
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FIGURE 5 | Information accumulation and decision threshold.
Hypothesized stage at which processing time is reduced. Areas
downstream of MT accumulate motion information in order to arrive at a
decision. The figure depicts information accumulation for the rightward
direction. When accumulating evidence in support of the rightward
direction (+), the evidence is reduced by noise created by the presence of
the other surface (–). (A) When only direction (one feature) differs between
the surfaces, interference between the directions of each surface creates a
noisy walk: i.e., incongruent input that reduces the accumulated evidence
for the rightward direction. This extends the time needed to reach the
decision threshold. (B) When direction and a second feature such as color
or speed differs between the surfaces, the second feature can be used to
reduce the interference caused by the other surface (by allowing
competitive selection to override the influence of the second surface) in the
walk to threshold, thus reducing the time needed to reach a decision
threshold.
result can be considered to be conjoined, i.e., the processing of one
feature affects processing of a different feature (Maunsell and Van
Essen, 1983; Albright, 1984; Lagae et al., 1993; Perrone and Thiele,
2001). Based on co-processing, motion processing is reflective
then of the presented combination of conjoined features. This
occurs without the need for a bound object representation. For
example, perception of speed can be distorted under a number
of different viewing conditions (Krekelberg et al., 2006a,b). A
reduction in contrast reduces perceived speed in slow moving
stimuli (Thompson, 1982) and increases perceived speed of fast
moving stimuli (Thompson et al., 2006). Perceived speed is also
dependent upon spatial frequency (Priebe et al., 2003). And finally
the perception of direction is sensitive to motion processing
conjunctions: direction discrimination becomes more accurate
when superimposed surfaces are different speeds (Marshak and
Sekuler, 1979; Curran and Benton, 2003; Perry et al., 2014) or
different spatial frequencies (Kim and Wilson, 1996).
These examples suggest that direction computation occurs on
conjoined dorsal stream features such as direction and speed
or direction and spatial frequency information. Using the same
paradigm as described in section Integration of color, but with
surfaces that are segmented by differences in speed (Figure 2C),
we tested whether speed, while conjoined with direction for
discrimination, could also be used as a distinguishing feature
in intermediate object representations like color is (Section
Integration of color) and similarly speed up decision mak-
ing circuitry (Perry et al., 2014). As with color (Perry and
Fallah, 2012), we found that differences in the speeds of two
superimposed surfaces decreased processing time (Figure 3B).
In fact, processing time was lower than that seen when the
surfaces were segmented by color (Speed-segmented: 483 ms
vs. Color-segmented: 841 ms). It could be that velocity, con-
joined speed and direction, is the signal that becomes a part
of the object representation. If that were the case however,
processing time would not be altered as velocity would com-
prise a single object feature and there would be no other inde-
pendent feature for use by selection mechanisms to reduce
the noise in the walk to threshold (Figure 5) and reach a
decision threshold more quickly. Instead these results suggest
that speed information is treated as an independent feature
in an intermediate object representation that is used by deci-
sion making circuitry to speed processing times (Figure 4D;
Perry et al., 2014) similar to the effect of color (Perry and
Fallah, 2012). Independent in this case simply means that
in spite of the fact that speed is co-processed with direc-
tion, and their conjunction attenuates direction repulsion dur-
ing direction computations, speed alone can be utilized as
a distinguishing feature to select between the object repre-
sentations when accumulating information for the perceptual
decision.
Unlike the effects of color integration, speed differences
reduced direction repulsion which further supports that direction
discrimination is modulated by other motion features that are
conjoined (processed together) in the dorsal pathway. However,
ventral stream features, such as color, do not affect motion
until after global motion processing occurs. It has been sug-
gested (Marshak and Sekuler, 1979; Mather and Moulden, 1980)
that direction repulsion arises due to inhibitory interactions
between populations of neurons, a theory recently formalized
(Figure 6—adapted from Perry et al., 2014). In mutual inhibi-
tion, the responses of neurons to one direction are inhibited by
the responses of neurons to a second direction (Figures 6A,B)
and the amount of inhibition determines the magnitude of
direction repulsion. As the angle between the two directions
increases, direction repulsion diminishes (Marshak and Sekuler,
1979; Mather and Moulden, 1980) which suggests that mutual
inhibition is dependent upon the overlap in tuning between the
neurons responding to the two directions (Figures 6A,B). When
the surfaces are identical except for direction (Figure 7A) mutual
inhibition and direction repulsion is based solely on the overlap
between the tuning curves. Since color is not integrated into
motion until after this computation, differences in color do not
change the overlap between the two populations and direction
repulsion is unaffected (Figure 7B). However, when the surfaces
are segmented by dorsal stream features such as speed (Figure 7C)
or spatial frequency (Figure 7D) the overlap is reduced due to
tuning in multi-dimensional feature space and direction repul-
sion is decreased. Dorsal stream features are conjoined to produce
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FIGURE 6 | How mutual inhibition produces direction repulsion.
(A) Individual tuning curves of neurons preferring the direction of motion
(0◦) and nearby directions (±15◦) are presented in the polar plot. The
population tuning curve that arises from their responses to rightward
motion is also depicted. (B) The addition of a second surface moving
downwards produces inhibition of other directional neurons. This inhibition
drops off as the difference in preferred directions increases. Hence, the
−15◦ neuron is more strongly inhibited (gray dashes) than the 0◦ neuron
(solid gray), while the +15◦ neuron (black dashes) is not inhibited. This
produces a population tuning curve that is shifted away (solid black) from
the real direction of motion (dotted line). As the inhibition is mutual, a
similar shift would occur for neurons responding to downward motion.
multi-dimensional tuning and thus do not require integration
into an object representation. This is supported by the fact that
color, which is part of the object, does not affect this circuitry
(Figure 7B). Overall, as direction repulsion is thought to arise
from a local circuit in area MT governing global motion process-
ing, the formation of an intermediate object representation that
includes speed and color information likely occurs after that stage.
INTEGRATION OF FORM
Artists have long known how to depict motion in still images
using features such as speed-lines (the “wake” of a moving object).
These non-moving streaks have been shown to affect human
perception of motion (Geisler, 1999; Burr and Ross, 2002) by
providing a direction input along the orientation of the streak
which can either enhance discrimination of a congruently moving
stimulus or interfere with incongruent or orthogonal direction
discrimination. This motion streak effect is thought to occur
as early as V1, supported by computational (Geisler, 1999) and
FIGURE 7 | How additional features affect mutual inhibition and
direction repulsion. (A) Two surfaces that only differ in direction produce
direction repulsion whose magnitude is dependent on the area of overlap
between their tuning curves (directional tuning curves—top, and two
dimensional tuning curves—circles, overlap depicted in solid black).
(B) When the surfaces are different colors, there is no change in the
direction tuning curve overlap which is consistent with color not affecting
direction repulsion. However, when a second motion feature that is
co-processed with direction, such as speed (C) or spatial frequency (D), the
population of neurons responding to each direction is segregated based on
both features and as a result there is a reduction in the two-dimensional
tuning curve overlap (solid black overlap in circles) which results in
attenuated direction repulsion (overlaps in (C) and (D) are smaller than in
(A) and (B). (A–D) The circular plots represent multi-dimensional tuning,
while the curves above and to the right of each plot represent the tuning in
each dimension respectively (adapted from Perry et al., 2014).
neurophysiological (Geisler et al., 2001) studies. Thus, speed-lines
affect the perception of direction by, in effect, producing motion
input for use along the dorsal stream. Similarly, glass patterns,
paired dots that appear and disappear randomly on a display, give
rise to the perception of bistable directions of motion along the
contour of the pattern in the absence of underlying motion signals
(Glass, 1969; Ross et al., 2000). These spatial patterns produce
motion signals that are represented along with magnocellular
motion signals in area MT and ST (Krekelberg et al., 2003), and
integrate with real motion signals in perceiving direction (Burr
and Ross, 2002).
In essence, these form inputs to the dorsal stream provide the
equivalent of motion input to mid-level areas in the dorsal stream
starting in area MT (Krekelberg et al., 2003). It is likely that the
motion produced by these form inputs is then integrated into the
object file as motion features (speed, direction) instead of form
features. These effects differ from color which is integrated as its
own feature into an intermediate object representation later in
the dorsal stream hierarchy. That still leaves an open question
as to whether other ventral stream features that do not give rise
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to the perception of motion could also be integrated into dorsal
stream object files. Other features could be tested with the same
direction repulsion paradigm as described earlier. For example,
direction repulsion and processing time could be determined for
surfaces distinguished by different contrast levels. As the dorsal
stream saturates at much lower contrast than the ventral stream
(Heuer and Britten, 2002), if decision-making processing time is
affected by contrast differences that are above the saturation point
for the dorsal stream, then the dorsal stream object file integrates
ventral stream contrast information. Additionally, would a size
difference between the dots of the two surfaces result in speeded
perceptual decision-making similar to the effects of color? The
effects of shape (varying the form of the RDK elements, i.e., dots
vs. squares vs. triangles) also needs to be tested.
INTERMEDIATE OBJECT REPRESENTATIONS
IN THE DORSAL STREAM
Thus far, the evidence presented suggests two main concepts.
First, global direction computations are based on the co-
processing of dorsal stream motion information. Surfaces seg-
mented by speed or spatial frequency (but not color) result in
an improvement in direction computations and thus an attenu-
ation of direction repulsion. Secondly, both speed and color are
integrated into a dorsal stream intermediate object representa-
tion (or object file) which in turn is used by decision making
processes to speed processing times. Speed and direction would
need to be independent features in a dorsal stream object file,
because this allows for awareness of changes in one dimension
independent of the other velocity feature. For example, a moving
ball provides velocity information (conjoined speed and direc-
tion). If it changes speed but continues to move in the same
direction, the population of MT cells that would respond to
the conjoined speed/direction selectivity changes. Without inde-
pendence of these motion features in the object representation,
switching underlying MT populations would mark a change in all
of the conjoined features. Instead, with independence observers
are aware of the speed changing while the direction does not. Thus
a dorsal stream object file can denote changes in speed or changes
in direction independently. We propose that the dorsal stream
object file would also include ventral stream information such
as color. Decision-making then works on object files instead of
direction information alone, and therefore distinguishing features
in the object files can be used to selectively focus decision-making
on the relevant direction information.
The features that are placed in the object file are dependent
upon which features are important to completing the specified
task (Harel et al., 2014). Theoretically then, using the direction
repulsion paradigm as an example, task relevant would mean
that any feature that distinguished the two superimposed surfaces
from each other would be a feature added to the object file. This is
what occurred with both speed and color, and therefore it would
be logical to extrapolate that other task relevant features would
also be included in an object file. We have previously suggested
(Section Integration of form) how other form features, such as
size, shape and contrast, could be tested for integration into a
dorsal stream object file.
We propose that global motion processing occurs on conjoined
motion features such as speed and direction, whereas the accumu-
lation of perceptual information to reach a decision is performed
on intermediate object representations. While these hypotheses
are yet to be directly tested at the neurophysiological level (e.g.,
in animal models), in the next section we propose the likely
neural substrates and dorsal stream areas subserving each of these
processes, based on known properties of these areas.
POSSIBLE LOCATION OF OBJECT REPRESENTATIONS
IN THE DORSAL STREAM
Figure 8 provides an overview of processing along both the
ventral and dorsal pathways with known object representations
in the ventral stream and hypothesized object representations in
the dorsal stream. Given that object files are considered to be
mid-level representations, and are found at intermediate stages
of ventral stream processing, they should similarly be found in
and around area MT in the dorsal stream. Perceived color is
processed in area V4, and thus color processing would need
to reach this stage before being incorporated into an object
representation in either the ventral or dorsal stream. Color is
not integrated with direction prior to direction computation
circuits in MT as the addition of color did not reduce direc-
tion repulsion. However, color and speed did reduce the time
needed to fully process both directions of motion. Therefore
while global motion direction computations which are computed
in area MT are not performed on object files, color and speed
are integrated into an object file after direction computation in
MT.
Evidence of motion computations relying on object represen-
tations comes from smooth pursuit. Color is known to affect
smooth pursuit eye movements to moving surfaces (Tchernikov
and Fallah, 2010) which are dependent upon the processing of
velocity signals for both the surface and the background in area
MST (Dürsteler and Wurtz, 1988; Komatsu and Wurtz, 1988,
1989; Thier and Erickson, 1992; Ilg, 2008). Intuitively, eye move-
ments should be color blind. Instead color biases selection of one
superimposed surface over the other based on a color hierarchy,
and the competition between the two colored surfaces modulates
the speed of pursuit (Tchernikov and Fallah, 2010). This suggests
that it is not only the reaching and grasping systems later in the
dorsal stream that work on object features, but as part of the
vision for action pathway, smooth pursuit computations are based
on object files. Thus the integration of color into the dorsal stream
object file may occur as early as area MST, or at least before the
frontal eye fields (FEF) generate the motor plan.
After MST in the dorsal stream, area LIP in the parietal lobe has
been shown to be involved in the accumulation of motion infor-
mation for perceptual decision-making (Shadlen and Newsome,
1996; Huk and Shadlen, 2005; Palmer et al., 2005). This stage of
processing works on object files as color and speed differences
reduce the time needed to reach the decision threshold. Beyond
this stage, a number of areas in the posterior parietal cortex are
selective for objects, a function necessary for visuomotor guidance
of grasping. Such object selectivity has been found in areas ante-
rior intraparietal (AIP) and 7a (Taira et al., 1990; Murata et al.,
2000; Phinney and Siegel, 2000).
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This hypothetical framework for object representations in the
dorsal stream (Figure 8) can be tested in future neurophysiologi-
cal studies. Specifically, global motion processing in area MT neu-
rons and the concomitant direction repulsion of the population
tuning should not be affected by the addition of color differences.
Whereas responses of neurons in area MST that give rise to
pursuit motion should be modulated by the color differences in
superimposed surfaces (Tchernikov and Fallah, 2010). Finally,
decision-making neurons in area LIP should show steeper slopes
and reach decision thresholds faster when a second distinguishing
feature such as color or speed is present.
OTHER EVIDENCE FOR DORSAL STREAM OBJECT REPRESENTATIONS
Other studies have shown selection of objects in the dorsal
stream that upon reflection would support intermediate object
representations. For example, judging the direction of a brief
translation of one of two counter-rotating superimposed surfaces
is improved when that surface is selected by color (Valdes-Sosa
et al., 2000), an effect the authors attributed to the use of object
files by the dorsal stream. The different motions between the
two surfaces provides noise in accumulating direction infor-
mation, but reducing noise through selection of that object
file would speed processing such that the decision threshold
could be reached during the brief translation period. Similarly,
if the object file is selected by a transient motion feature
capturing attention, selection of that object file is maintained
and again improves the discrimination of a subsequent brief
translation (Reynolds et al., 2003) along with modulating the
visually evoked N1 component, a marker of selective attention
(Pinilla et al., 2001; Khoe et al., 2005). In fact, when one of
two superimposed surfaces is selected by a color segmenta-
tion cue, the selective advantage for processing brief transla-
tions of that surface survives the removal of color differences
(Mitchell et al., 2003), once again showing that selection is
maintained via an object file. In fact, concurrent judgments of
simple form (square or circle) and motion are impaired when
made across two superimposed surfaces compared to when they
are made for the same surface (Rodríguez et al., 2002). This
is similar to Duncan (1984), which showed that attending to
an object representation allows judgments of multiple ventral
stream form features “for free” but that there was a cost asso-
ciated with having to make judgments across two superim-
posed objects. Together, these studies suggest that there are also
object representations in the later stages of the dorsal stream.
Furthermore, competitive selection processes work not only on
objects in the ventral stream (Desimone, 1998; Reynolds et al.,
2003; Fallah et al., 2007), but also on objects in the dorsal
stream.
FIGURE 8 | Intermediate object representation model. Visual processing
along the ventral stream is depicted along with known object
representations starting in area V2. We also depict visual processing along
the dorsal stream with the hypothetical stages which process dorsal
stream object files. As visual processing progresses along the dorsal
pathway stimulus parameters are calculated and this information is
provided to area MT. In MT, information regarding speed, direction and
spatial frequency are co-processed forming multidimensional selectivity.
After local and global motion processing circuits in MT, an intermediate
object representation is formed that incorporates independent motion
features (such as speed and direction) and ventral stream features (such as
color, with other features such as shape and size to be determined). This
intermediate object representation is in place prior to decision making
circuitry that represents motion or guides action.
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VISION FOR ACTION
The dorsal stream object representation would not need to
progress to the level of object recognition however. As already
discussed, the vision for action theory states that the dorsal
pathway’s reaching and grasping system uses object features as
a means of guiding action in real time. With damage to the
ventral stream, patients can still orient their hand and scale their
grip according to the orientation and shape of the item to be
grasped. This does not require that the object is fully processed
through to recognition, just that a list of features associated with
a specific object be available for selection (Freiwald, 2007). An
object file would provide such a list from which different features
could be used to select the correct object among multiple, even
superimposed, objects (Valdes-Sosa et al., 1998, 2000; Pinilla
et al., 2001; Wannig et al., 2007; Perry and Fallah, 2012; Perry
et al., 2014).
DORSAL TO VENTRAL INTEGRATION
Our proposal is that the dorsal stream integrates features,
from both the dorsal and ventral pathways, into an object
representation that can be used by decision making circuitry
(contained within the dorsal stream) for selection purposes. A
similar process occurs in the ventral stream, and it is not only
features processed within the ventral stream that are integrated
to form object representations used in object recognition and
decision making. As early as V4, motion information from the
dorsal pathway is used to define stationary edges that occur
between moving stimuli (kinetic boundaries—Mysore et al.,
2006). However, MT also plays a role in segmentation mech-
anisms (Born and Bradley, 2005) as a necessary component
of surface reconstruction (Andersen and Bradley, 1998). This
is what allows MT to separate the motion of multiple mov-
ing stimuli from each other (Snowden et al., 1991; Stoner and
Albright, 1996), even under conditions of occlusion (Nowlan
and Sejnowski, 1995), and to separate moving objects from
background (Bradley and Andersen, 1998; Born and Bradley,
2005). Similarly, superimposed dots patterns, moving in opposite
directions and moving at variable speeds can be integrated to
create a percept of a rotating cylinder. This indicates that pro-
cessing along the dorsal pathway also allows for perception of
3D structures (Bradley et al., 1998; Dodd et al., 2001). Mov-
ing dots are also known to give rise to human shape percepts.
Moreover, this perception of biological motion goes beyond
shape and form processing. Higher order features, such as gen-
der, are also derived from biological motion (Barclay et al.,
1978; Mather and Murdoch, 1994; Jordan et al., 2006). As gen-
der is derived from the global, not local motion, and gender
adapts with prolonged exposure to biological motion (Jordan
et al., 2006), this occurs at a stage beyond area MT. Biological
motion is represented in the superior temporal polysensory area
(STP: Perrett et al., 1989) and as such is an object representa-
tion later along the dorsal stream, which gives rise to gender
representation.
ALTERNATIVE LOCATION FOR THE OBJECT REPRESENTATION
While evidence supports the dorsal stream decision-making
processes working on object representations, the site for
these representations are unknown. We have suggested that
intermediate object representations are built up at later stages
in the dorsal stream (Figure 8). However, these decision making
circuits in the dorsal stream could instead be modulated by object
representations contained in the ventral pathway.
For this to occur, motion information would have to be
a tag (e.g., Finger of INSTantiation (FINST): Pylyshyn, 1989,
1994) associated with object processing in the ventral stream,
which would then have to be passed back to the dorsal stream in
time for direction decisions to be made. While this is possible,
Occam’s razor suggests the more parsimonious explanation of
dorsal stream object files is likely the correct one. There is a
means of testing whether intermediate object representations
occur in the dorsal stream. As visual agnosiacs have damage
to the ventral stream but retain certain form information used
to guide grasps, they could be tested to see whether motion
decision-making could be sped up without ventral stream
object representations. If so, then there must be dorsal stream
intermediate object representations separate from those in the
ventral stream. Such intermediate object representations would
not give rise to recognition but would incorporate the form
features maintained in the dorsal stream to provide real-time
visual guidance for actions such as hand orientation, grip scaling,
and pincer grip locations (Goodale et al., 1991, 1994; Milner et al.,
2012). Note that even if the intermediate object representation
was to be created in the ventral stream, it would still be used by
decision-making areas in the dorsal stream. The areas that give
rise to the object representation would change, but the later stages
of dorsal stream processing would still be dependent on object
representations, not just motion information.
CONCLUSIONS
We have provided a framework for not only how the dor-
sal stream extracts motion information but also builds up an
object representation that is used in decision making pro-
cesses. The hierarchical nature of visual processing, in both the
ventral and dorsal pathways, provides the basis for where an
object representation in the dorsal pathway would exist. Both
color and speed information, as independent object features,
are integrated into motion processing circuits beyond direc-
tion computations (such as in area MT) and prior to deci-
sion making and attentional selection (such as in area LIP). In
fact, color-dependent smooth pursuit may indicate an interme-
diate object representation occurs as early as area MST. It is
also likely that later parietal areas that guide grasping, such as
AIP, may also contain the requisite circuitry for intermediate
object representations in the dorsal stream. We have suggested
that this object representation would not give rise to object
recognition as in the ventral stream but instead would con-
tain a list of object features upon which decisions could be
made and actions performed. Object files are a possible mech-
anism through which information necessary for dorsal stream
decision making and selection could be collected and updated
as needed. The use of dorsal stream information for the cre-
ation of objects in the ventral pathway supports our proposal
of parallel mechanisms existing in the dorsal stream. Testing
visual agnosiacs on dorsal stream decision making, requiring the
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use of object representations, would be a way to determine if
the dorsal pathway alone can support these intermediate object
representations.
ACKNOWLEDGMENTS
The authors are supported by funds provided by an NSERC
Discovery Grant to Mazyar Fallah and an NSERC Alexander
Graham Bell Canadian Doctoral Scholarship to Carolyn J. Perry.
REFERENCES
Adelson, E. H., and Bergen, J. R. (1985). Spatiotemporal energy models for the
perception of motion. J. Opt. Soc. Am. A 2, 284–299. doi: 10.1364/josaa.2.
000284
Adelson, E. H., and Movshon, J. A. (1982). Phenomenal coherence of moving visual
patterns. Nature 300, 523–525. doi: 10.1038/300523a0
Albright, T. D. (1984). Direction and orientation selectivity of neurons in visual
area MT of the macaque. J. Neurophysiol. 52, 1106–1130.
Andersen, R. A., and Bradley, D. C. (1998). Perception of three-dimensional
structure from motion. Trends Cogn. Sci. 2, 222–228. doi: 10.1016/s1364-
6613(98)01181-4
Barclay, C. D., Cutting, J. E., and Kozlowski, L. T. (1978). Temporal and spatial
factors in gait perception that influence gender recognition. Percept. Psychophys.
23, 145–152. doi: 10.3758/bf03208295
Benton, C. P., and Curran, W. (2003). Direction repulsion goes global. Curr. Biol.
13, 767–771. doi: 10.1016/s0960-9822(03)00285-9
Biederman, I. (1987). Recognition-by-components: a theory of human image
understanding. Psychol. Rev. 94, 115–147. doi: 10.1037/0033-295x.94.2.115
Biederman, I., and Cooper, E. E. (1991). Priming contour-deleted images: evidence
for intermediate representations in visual object recognition. Cogn. Psychol. 23,
393–419. doi: 10.1016/0010-0285(91)90014-f
Bodelón, C., Fallah, M., and Reynolds, J. H. (2007). Temporal resolution for the
perception of features and conjunctions. J. Neurosci. 27, 725–730. doi: 10.
1523/jneurosci.3860-06.2007
Born, R. T., and Bradley, D. C. (2005). Structure and function of visual area
MT. Annu. Rev. Neurosci. 28, 157–189. doi: 10.1146/annurev.neuro.26.041002.
131052
Braddick, O. J., Wishart, K. A., and Curran, W. (2002). Directional perfor-
mance in motion transparency. Vision Res. 42, 1237–1248. doi: 10.1016/s0042-
6989(02)00018-4
Bradley, D. C., and Andersen, R. A. (1998). Center-surround antagonism based on
disparity in primate area MT. J. Neurosci. 18, 7552–7565.
Bradley, D. C., Chang, G. C., and Andersen, R. A. (1998). Encoding of three-
dimensional structure-from-motion by primate area MT neurons. Nature 392,
714–717. doi: 10.1038/33688
Britten, K. H., Shadlen, M. N., Newsome, W. T., and Movshon, J. A. (1992).
The analysis of visual motion: a comparison of neuronal and psychophysical
performance. J. Neurosci. 12, 4745–4765.
Brooks, K. R., Morris, T., and Thompson, P. (2011). Contrast and stimulus
complexity moderate the relationship between spatial frequency and perceived
speed: implications for MT models of speed perception. J. Vis. 11:19. doi: 10.
1167/11.14.19
Burr, D., and Thompson, P. (2011). Motion psychophysics: 1985–2010. Vision Res.
51, 1431–1456. doi: 10.1016/j.visres.2011.02.008
Burr, D. C., and Ross, J. (2002). Direct evidence that “speedlines” influence motion
mechanisms. J. Neurosci. 22, 8661–8664.
Caputo, G., and Casco, C. (1999). A visual evoked potential correlate of global
figure-ground segmentation. Vision Res. 39, 1597–1610. doi: 10.1016/s0042-
6989(98)00270-3
Cavanagh, P., and Mather, G. (1989). Motion: the long and short of it. Spat. Vis. 4,
103–129. doi: 10.1163/156856889x00077
Cavanagh, P., Tyler, C. W., and Favreau, O. E. (1984). Perceived velocity of moving
chromatic gratings. J. Opt. Soc. Am. A 1, 893–899. doi: 10.1364/josaa.1.000893
Chen, X., DeAngelis, G. C., and Angelaki, D. E. (2013). Eye-centered representation
of optic flow tuning in the ventral intraparietal area. J. Neurosci. 33, 18574–
18582. doi: 10.1523/jneurosci.2837-13.2013
Chicherov, V., Plomp, G., and Herzog, M. H. (2014). Neural correlates of
visual crowding. Neuroimage 93(Pt. 1), 23–31. doi: 10.1016/j.neuroimage.2014.
02.021
Conway, B. R., and Livingstone, M. S. (2006). Spatial and temporal properties of
cone signals in alert macaque primary visual cortex. J. Neurosci. 26, 10826–
10846. doi: 10.1523/jneurosci.2091-06.2006
Conway, B. R., Moeller, S., and Tsao, D. Y. (2007). Specialized color modules in
macaque extrastriate cortex. Neuron 56, 560–573. doi: 10.1016/j.neuron.2007.
10.008
Cowey, A., and Weiskrantz, L. (1967). A comparison of the effects of inferotemporal
and striate cortex lesions on the visual behaviour of rhesus monkeys. Q. J. Exp.
Psychol. 19, 246–253. doi: 10.1080/14640746708400099
Croner, L. J., and Albright, T. D. (1997). Image segmentation enhances discrimina-
tion of motion in visual noise. Vision Res. 37, 1415–1427. doi: 10.1016/s0042-
6989(96)00299-4
Croner, L. J., and Albright, T. D. (1999). Segmentation by color influences responses
of motion-sensitive neurons in the cortical middle temporal visual area. J. Neu-
rosci. 19, 3935–3951.
Curran, W., and Benton, C. P. (2003). Speed tuning of direction repulsion describes
an inverted U-function. Vision Res. 43, 1847–1853. doi: 10.1016/s0042-
6989(03)00302-x
Dean, P. (1976). Effects of inferotemporal lesions on the behavior of monkeys.
Psychol. Bull. 83, 41–71. doi: 10.1037//0033-2909.83.1.41
Desimone, R. (1998). Visual attention mediated by biased competition in extrastri-
ate visual cortex. Philos. Trans. R. Soc. Lond. B Biol. Sci. 353, 1245–1255. doi: 10.
1098/rstb.1998.0280
Desimone, R., Albright, T. D., Gross, C. G., and Bruce, C. (1984). Stimulus-selective
properties of inferior temporal neurons in the macaque. J. Neurosci. 4, 2051–
2062.
Desimone, R., and Duncan, J. (1995). Neural mechanism of selective visual
attention. Annu. Rev. Neurosci. 18, 193–222. doi: 10.1146/annurev.ne.18.030195.
001205
DeYoe, E. A., and Van Essen, D. C. (1985). Segregation of efferent connections and
receptive field properties in visual area V2 of the macaque. Nature 317, 58–61.
doi: 10.1038/317058a0
Dobkins, K. R., and Albright, T. D. (1994). What happens if it changes color when
it moves?: the nature of chromatic input to macaque visual area MT. J. Neurosci.
14, 4854–4870.
Dodd, J. V., Krug, K., Cumming, B. G., and Parker, A. J. (2001). Perceptually bistable
three-dimensional figures evoke high choice probabilities in cortical area MT.
J. Neurosci. 21, 4809–4821.
Duffy, C. J., and Wurtz, R. H. (1991a). Sensitivity of MST neurons to optic
flow stimuli. I. A continuum of response selectivity to large-field stimuli.
J. Neurophysiol. 65, 1329–1345.
Duffy, C. J., and Wurtz, R. H. (1991b). Sensitivity of MST neurons to optic flow
stimuli. II. Mechanisms of response selectivity revealed by small-field stimuli.
J. Neurophysiol. 65, 1346–1359.
Duffy, C. J., and Wurtz, R. H. (1995). Response of monkey MST neurons to optic
flow stimuli with shifted centers of motion. J. Neurosci. 15(7 Pt. 2), 5192–
5208.
Durand, J. B., Nelissen, K., Joly, O., Wardak, C., Todd, J. T., Norman, J. F., et al.
(2007). Anterior regions of monkey parietal cortex process visual 3D shape.
Neuron 55, 493–505. doi: 10.1016/j.neuron.2007.06.040
Duncan, J. (1984). Selective attention and the organization of visual information. J.
Exp. Psychol. Gen. 113, 501–517. doi: 10.1037/0096-3445.113.4.501
Dürsteler, M. R., and Wurtz, R. H. (1988). Pursuit and optokinetic deficits fol-
lowing chemical lesions of cortical areas MT and MST. J. Neurophysiol. 60,
940–965.
Fallah, M., and Reynolds, J. H. (2001). Attention! V1 neurons lining up for
inspection. Neuron 31, 674–675. doi: 10.1016/s0896-6273(01)00425-1
Fallah, M., Stoner, G. R., and Reynolds, J. H. (2007). Stimulus-specific competitive
selection in macaque extrastriate visual area V4. Proc. Natl. Acad. Sci. U S A 104,
4165–4169. doi: 10.1073/pnas.0611722104
Farivar, R. (2009). Dorsal-ventral integration in object recognition. Brain Res. Rev.
61, 144–153. doi: 10.1016/j.brainresrev.2009.05.006
Fattori, P., Kutz, D. F., Breveglieri, R., Marzocchi, N., and Galletti, C. (2005). Spatial
tuning of reaching activity in the medial parieto-occipital cortex (area V6A) of
macaque monkey. Eur. J. Neurosci. 22, 956–972. doi: 10.1111/j.1460-9568.2005.
04288.x
Frontiers in Computational Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 84 | 13
Perry and Fallah Dorsal stream feature integration
Felleman, D. J., and Van Essen, D. C. (1991). Distributed hierarchical pro-
cessing in the primate cerebral cortex. Cereb. Cortex 1, 1–47. doi: 10.1093/
cercor/1.1.1
Ferrera, P., Nealey, T. A., and Maunsell, J. H. R. (1992). Mixed parvocellular and
magnocellular geniculate signals in visual area V4. Nature 358, 756–758. doi: 10.
1038/358756a0
Ferrera, P., Nealey, T. A., and Maunsell, J. H. R. (1994). Responses in macaque
visual area V4 following inactivation of the parvocellular and magnocellular
LGN pathways. J. Neurosci. 14, 2080–2088.
Freiwald, W. A. (2007). Attention to objects made of features. Trends Cogn. Sci. 11,
453–454. doi: 10.1016/j.tics.2007.08.010
Fukushima, K. (1975). Cognitron: a self-organizing multilayered neural network.
Biol. Cybern. 20, 121–136. doi: 10.1007/bf00342633
Gallese, V., Murata, A., Kaseda, M., Niki, N., and Sakata, H. (1994). Deficit of hand
preshaping after muscimol injection in monkey parietal cortex. Neuroreport 5,
1525–1529. doi: 10.1097/00001756-199407000-00029
Gegenfurtner, K. R., Kiper, D. C., and Levitt, J. B. (1997). Functional properties of
neurons in macaque area V3. J. Neurophysiol. 77, 1906–1923.
Gegenfurtner, K. R., Kiper, D. C., Beusmans, J. M., Carandini, M., Zaidi, Q., and
Movshon, J. A. (1994). Chromatic properties of neurons in macaque MT. Vis.
Neurosci. 11, 455–466. doi: 10.1017/s095252380000239x
Geisler, W. S. (1999). Motion streaks provide a spatial code for motion direction.
Nature 400, 65–69. doi: 10.1038/21886
Geisler, W. S., Albrecht, D. G., Crane, A. M., and Stern, L. (2001). Motion direction
signals in the primary visual cortex of cat and monkey. Vis. Neurosci. 18, 501–
516. doi: 10.1017/s0952523801184014
Glass, L. (1969). Moiré effect from random dots. Nature 223, 578–580. doi: 10.
1038/223578a0
Goodale, M. A. (2008). Action without perception in human vision. Cogn. Neu-
ropsychol. 25, 891–919. doi: 10.1080/02643290801961984
Goodale, M. A. (2013). Separate visual systems for perception and action: a frame-
work for understanding cortical visual impairment. Dev. Med. Child Neurol.
55(Suppl. 4), 9–12. doi: 10.1111/dmcn.12299
Goodale, M. A., and Milner, A. D. (1992). Separate visual pathways for perception
and action. Trends Neurosci. 15, 20–25. doi: 10.1016/0166-2236(92)90344-8
Goodale, M. A., Meenan, J. P., Bulthoff, H. H., Nicolle, D. A., Murphy, K. J., and
Racicot, C. I. (1994). Separate neural pathways for the visual analysis of object
shape in perception and prehension. Curr. Biol. 4, 604–610. doi: 10.1016/s0960-
9822(00)00132-9
Goodale, M. A., Milner, A. D., Jakobson, L. S., and Carey, D. P. (1991). A
neurological dissociation between perceiving objects and grasping them. Nature
349, 154–156. doi: 10.1038/34914a0
Graziano, M. S., Andersen, R. A., and Snowden, R. J. (1994). Tuning of MST
neurons to spiral motions. J. Neurosci. 14, 54–67.
Gross, C. G. (2008). Single neuron studies of inferior temporal cortex. Neuropsy-
chologia 46, 841–852. doi: 10.1016/j.neuropsychologia.2007.11.009
Gross, C. G., Cowey, A., and Manning, F. J. (1971). Further analysis of visual
discrimination deficits following foveal prestriate and inferotemporal lesions
in rhesus monkeys. J. Comp. Physiol. Psychol. 76, 1–7. doi: 10.1037/h00
31039
Gross, C. G., Rocha-Miranda, C. E., and Bender, D. B. (1972). Visual properties
of neurons in inferotemporal cortex of the macaque. J. Neurophysiol. 35,
96–111.
Grunewald, A., Bradley, D. C., and Andersen, R. A. (2002). Neural correlates of
structure-from-motion perception in macaque V1 and MT. J. Neurosci. 22,
6195–6207.
Gu, Y., Watkins, P. V., Angelaki, D. E., and DeAngelis, G. C. (2006). Visual and
nonvisual contributions to three-dimensional heading selectivity in the medial
superior temporal area. J. Neurosci. 26, 73–85. doi: 10.1523/jneurosci.2356-05.
2006
Harel, A., Kravitz, D. J., and Baker, C. I. (2014). Task context impacts visual object
processing differentially across the cortex. Proc. Natl. Acad. Sci. U S A 111, E962–
E971. doi: 10.1073/pnas.1312567111
Heuer, H. W., and Britten, K. H. (2002). Contrast dependence of response nor-
malization in area MT of the rhesus macaque. J. Neurophysiol. 88, 3398–3408.
doi: 10.1152/jn.00255.2002
Hiris, E., and Blake, R. (1996). Direction repulsion in motion transparency. Vis.
Neurosci. 13, 187–197. doi: 10.1017/s0952523800007227
Hubel, D. H., and Livingstone, M. S. (1987). Segregation of form, color and
stereopsis in primate area 18. J. Neurosci. 7, 3378–3415.
Hubel, D. H., and Wiesel, T. N. (1968). Receptive fields and functional architecture
of monkey striate cortex. J. Physiol. 195, 215–243.
Hubel, D. H., Wiesel, T. N., and Stryker, M. P. (1978). Anatomical demonstration
of orientation columns in macaque monkey. J. Comp. Neurol. 177, 361–380.
doi: 10.1002/cne.901770302
Huberle, E., Rupek, P., Lappe, M., and Karnath, H. O. (2012). Perception of biolog-
ical motion in visual agnosia. Front. Behav. Neurosci. 6:56. doi: 10.3389/fnbeh.
2012.00056
Huk, A. C., and Shadlen, M. N. (2005). Neural activity in macaque parietal cortex
reflects temporal integration of visual motion signals during perceptual decision
making. J. Neurosci. 25, 10420–10436. doi: 10.1523/jneurosci.4684-04.2005
Hussar, C. R., and Pasternak, T. (2013). Common rules guide comparisons of speed
and direction of motion in the dorsolateral prefrontal cortex. J. Neurosci. 33,
972–986. doi: 10.1523/jneurosci.4075-12.2013
Ilg, U. J. (2008). The role of areas MT and MST in coding of visual motion
underlying the execution of smooth pursuit. Vision Res. 48, 2062–2069. doi: 10.
1016/j.visres.2008.04.015
Ito, M., Tamura, H., Fujita, I., and Tanaka, K. (1995). Size and position invariance of
neuronal responses in monkey inferotemporal cortex. J. Neurophysiol. 73, 218–
226.
Johansson, G. (1973). Visual perception of biological motion and a model for its
analysis. Percep. Psychophys. 14, 201–211. doi: 10.3758/bf03212378
Johansson, G. (1976). Spatio-temporal differentiation and integration in visual
motion perception: an experimental and theoretical analysis of calculus-
like functions in visual data processing. Pysch. Res. 38, 379–393. doi: 10.
1007/bf00309043
Jordan, H., Fallah, M., and Stoner, G. R. (2006). Adaptation of gender derived from
biological motion. Nat. Neurosci. 9, 738–739. doi: 10.1038/nn1710
Kahneman, D., Treisman, A., and Gibbs, B. J. (1992). The reviewing of object files:
object-specific integration of information. Cogn. Psychol. 24, 175–219. doi: 10.
1016/0010-0285(92)90007-o
Khoe, W., Mitchell, J. F., Reynolds, J. H., and Hillyard, S. A. (2005). Exogenous
attentional selection of transparent superimposed surfaces modulates early
event-related potentials. Vision Res. 45, 3004–3014. doi: 10.1016/j.visres.2005.
04.021
Kim, J., and Wilson, H. R. (1996). Direction repulsion between compo-
nents in motion transparency. Vision Res. 36, 1177–1187. doi: 10.1016/0042-
6989(95)00153-0
Kobatake, E., and Tanaka, K. (1994). Neuronal selectivities to complex object
features in the ventral visual pathway of the macaque cerebral cortex. J. Neu-
rophysiol. 71, 856–867.
Komatsu, H., and Wurtz, R. H. (1988). Relation of cortical areas MT and MST
to pursuit eye movements. III. Interaction with full-field visual stimulation.
J. Neurophysiol. 60, 621–644.
Komatsu, H., and Wurtz, R. H. (1989). Modulation of pursuit eye movements by
stimulation of cortical areas MT and MST. J. Neurophysiol. 62, 31–47.
Konen, C. S., and Kastner, S. (2008). Two hierarchically organized neural systems
for object information in human visual cortex. Nat. Neurosci. 11, 224–231.
doi: 10.1038/nn2036
Krekelberg, B., and Albright, T. D. (2005). Motion mechanisms in macaque MT.
J. Neurophysiol. 93, 2908–2921. doi: 10.1152/jn.00473.2004
Krekelberg, B., Dannenberg, S., Hoffmann, K. P., Bremmer, F., and Ross, J.
(2003). Neural correlates of implied motion. Nature 424, 674–677. doi: 10.
1038/nature01852
Krekelberg, B., and van Wezel, R. J. (2013). Neural mechanisms of speed perception:
transparent motion. J. Neurophysiol. 110, 2007–2018. doi: 10.1152/jn.00333.
2013
Krekelberg, B., van Wezel, R. J., and Albright, T. D. (2006a). Adaptation in macaque
MT reduces perceived speed and improves speed discrimination. J. Neurophysiol.
95, 255–270. doi: 10.1152/jn.00750.2005
Krekelberg, B., van Wezel, R. J., and Albright, T. D. (2006b). Interactions between
speed and contrast tuning in the middle temporal area: implications for the
neural code for speed. J. Neurosci. 26, 8988–8998. doi: 10.1523/jneurosci.1983-
06.2006
Lagae, L., Raiguel, S., and Orban, G. A. (1993). Speed and direction selectivity of
macaque middle temporal neurons. J. Neurophysiol. 69, 19–39.
Frontiers in Computational Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 84 | 14
Perry and Fallah Dorsal stream feature integration
Landisman, C. E., and Ts’o, D. Y. (2002). Color processing in macaque striate cortex:
electrophysiological properties. J. Neurophysiol. 87, 3138–3151. doi: 10.1152/jn.
00957.1999
Lehky, S. R., and Sereno, A. B. (2007). Comparison of shape encoding in primate
dorsal and ventral visual pathways. J. Neurophysiol. 97, 307–319. doi: 10.1152/jn.
00168.2006
Levitt, J. B., Kiper, D. C., and Movshon, J. A. (1994). Receptive fields and functional
architecture of macaque V2. J. Neurophysiol. 71, 2517–2542.
Li, P., Zhu, S., Chen, M., Han, C., Xu, H., Hu, J., et al. (2013). A motion direction
preference map in monkey V4. Neuron 78, 376–388. doi: 10.1016/j.neuron.2013.
02.024
Livingstone, M. S., and Hubel, D. H. (1987). Connections between layer 4B of area
17 and the thick cytochrome oxidase stripes of area 18 in the squirrel monkey.
J. Neurosci. 7, 3371–3377.
Livne, T., and Sagi, D. (2007). Configuration influence on crowding. J. Vis. 7, 1–12.
doi: 10.1167/7.2.4
Logothetis, N. K., and Pauls, J. (1995). Psychophysical and physiological evidence
for viewer-centered object representations in the primate. Cereb. Cortex 5, 270–
288. doi: 10.1093/cercor/5.3.270
Lowe, D. G. (1987). The viewpoint consistency constraint. Int. J. Comput. Vis. 1,
57–72. doi: 10.1007/bf00128526
Lu, H. D., Chen, G., Tanigawa, H., and Roe, A. W. (2010). A motion direc-
tion map in macaque V2. Neuron 68, 1002–1013. doi: 10.1016/j.neuron.2010.
11.020
Malania, M., Herzog, M. H., and Westheimer, G. (2007). Grouping of contextual
elements that affect vernier thresholds. J. Vis. 7, 1–7. doi: 10.1167/7.2.1
Manassi, M., Sayim, B., and Herzog, M. H. (2012). Grouping, pooling and when
bigger is better in visual crowding. J. Vis. 12:13. doi: 10.1167/12.10.13
Marr, D., and Nishihara, H. K. (1978). Representation and recognition of the spatial
organization of three-dimensional shapes. Proc. R. Soc. Lond. B Biol. Sci. 200,
269–294. doi: 10.1098/rspb.1978.0020
Marr, D., and Ullman, S. (1981). Directional selectivity and its use in early visual
processing. Proc. R. Soc. Lond. B Biol. Sci. 211, 151–180. doi: 10.1098/rspb.1981.
0001
Marshak, W., and Sekuler, R. (1979). Mutual repulsion between moving visual
targets. Science 205, 1399–1401. doi: 10.1126/science.472756
Mather, G., and Moulden, B. (1980). A simultaneous shift in apparent direction:
further evidence for a “distribution-shift” model of direction coding. Q. J. Exp.
Psychol. 32, 325–333. doi: 10.1080/14640748008401168
Mather, G., and Murdoch, L. (1994). Gender discrimination in biological motion
displays based on dynamic cues. Proc. R. Soc. Lond. B Biol. Sci. 258, 273–279.
doi: 10.1098/rspb.1994.0173
Maunsell, J. H., and Van Essen, D. C. (1983). Functional properties of neurons in
middle temporal visual area of the macaque monkey. I. Selectivity for stimulus
direction, speed and orientation. J. Neurophysiol. 49, 1127–1147.
McKee, S. P., and Welch, L. (1985). Sequential recruitment in the discrimination of
velocity. J. Opt. Soc. Am. A 2, 243–251. doi: 10.1364/josaa.2.000243
Mikami, A., Newsome, W. T., and Wurtz, R. H. (1986). Motion selectivity in
macaque visual cortex. I. Mechanisms of direction and speed selectivity in
extrastriate area MT. J. Neurophysiol. 55, 1308–1327.
Milner, A. D., Ganel, T., and Goodale, M. A. (2012). Does grasping in patient
D.F. depend on vision? Trends Cogn. Sci. 16, 256–257. doi: 10.1016/j.tics.2012.
03.004
Mineault, P. J., Khawaja, F. A., Butts, D. A., and Pack, C. C. (2012). Hierar-
chical processing of complex motion along the primate dorsal visual path-
way. Proc. Natl. Acad. Sci. U S A 109, E972–E980. doi: 10.1073/pnas.11156
85109
Mitchell, J. F., Stoner, G. R., Fallah, M., and Reynolds, J. H. (2003). Attentional
selection of superimposed surfaces cannot be explained by modulation of
the gain of color channels. Vision Res. 43, 1323–1328. doi: 10.1016/s0042-
6989(03)00123-8
Mitroff, S. R., Arita, J. T., and Fleck, M. S. (2009). Staying in bounds: con-
textual constraints on object-file coherence. Vis. Cogn. 17, 195–211. doi: 10.
1037/e527342012-017
Mitroff, S. R., Scholl, B. J., and Noles, N. S. (2007). Object files can be purely
episodic. Perception 36, 1730–1735. doi: 10.1068/p5804
Mitroff, S. R., Scholl, B. J., and Wynn, K. (2005). The relationship between object
files and conscious perception. Cognition 96, 67–92. doi: 10.1016/j.cognition.
2004.03.008
Movshon, J. A., and Newsome, W. T. (1996). Visual response properties of striate
cortical neurons projecting to area MT in macaque monkeys. J. Neurosci. 16,
7733–7741.
Murata, A., Gallese, V., Luppino, G., Kaseda, M., and Sakata, H. (2000). Selectivity
for the shape, size and orientation of objects for grasping in neurons of monkey
parietal area AIP. J. Neurophysiol. 83, 2580–2601.
Mysore, S. G., Vogels, R., Raiguel, S. E., and Orban, G. A. (2006). Processing of
kinetic boundaries in macaque V4. J. Neurophysiol. 95, 1864–1880. doi: 10.
1152/jn.00627.2005
Nakayama, K., and Silverman, G. H. (1984). Temporal and spatial characteristics
of the upper displacement for motion in random dots. Vision Res. 24, 293–299.
doi: 10.1016/0042-6989(84)90054-3
Newsome, W. T., and Paré, E. B. (1988). A selective impairment of motion percep-
tion following lesions of the middle temporal visual area (MT). J. Neurosci. 8,
2201–2211.
Nishida, S. (2011). Advancement of motion psychophysics: review 2001–2010.
J. Vis. 11:11. doi: 10.1167/11.5.11
Noles, N. S., Scholl, B. J., and Mitroff, S. R. (2005). The persistence of object
file representations. Percep. Psychophys. 67, 324–334. doi: 10.3758/BF032
06495
Nowlan, S. J., and Sejnowski, T. J. (1995). A selection model for motion processing
in area MT of primates. J. Neurosci. 15, 1195–1214.
Orban, G. A. (2008). Higher order visual processing in macaque extrastriate cortex.
Physiol. Rev. 88, 59–89. doi: 10.1152/physrev.00008.2007
Orban, G. A., Kennedy, H., and Bullier, J. (1986). Velocity sensitivity and direction
selectivity of neurons in areas V1 and V2 of the monkey: influence of eccentric-
ity. J. Neurophysiol. 56, 462–480.
Pack, C. C., and Born, R. T. (2001). Temporal dynamics of a neural solution to the
aperture problem in visual area MT of macaque brain. Nature 409, 1040–1042.
doi: 10.1038/35059085
Pack, C. C., Conway, B. R., Born, R. T., and Livingstone, M. S. (2006). Spatiotem-
poral structure of nonlinear subunits in macaque visual cortex. J. Neurosci. 26,
893–907. doi: 10.1523/jneurosci.3226-05.2006
Palmer, J., Huk, A. C., and Shadlen, M. N. (2005). The effect of stimulus strength
on the speed and accuracy of a perceptual decision. J. Vis. 5, 376–404. doi: 10.
1167/5.5.1
Pasupathy, A., and Connor, C. E. (1999). Responses to contour features in macaque
area V4. J. Neurophysiol. 82, 2490–2502.
Pasupathy, A., and Connor, C. E. (2001). Shape representation in area V4:
position-specific tuning for boundary conformation. J. Neurophysiol. 86, 2505–
2519.
Patterson, C. A., Wissig, S. C., and Kohn, A. (2014). Adaptation disrupts motion
integration in the primate dorsal stream. Neuron 81, 674–686. doi: 10.1016/j.
neuron.2013.11.022
Peissig, J. J., and Tarr, M. J. (2007). Visual object recognition: do we know more now
than we did 20 years ago? Annu. Rev. Psychol. 58, 75–96. doi: 10.1146/annurev.
psych.58.102904.190114
Perrett, D. I., Harries, M. H., Bevan, R., Thomas, S., Benson, P. J., Mistlin, A. J., et al.
(1989). Frameworks of analysis for the neural representation of animate objects
and actions. J. Exp. Biol. 146, 87–113.
Perrone, J. A., and Thiele, A. (2001). Speed skills: measuring the visual speed
analyzing properties of primate MT neurons. Nat. Neurosci. 4, 526–532. doi: 10.
1038/87480
Perry, C. J., and Fallah, M. (2012). Color improves speed of processing but not
perception in a motion illusion. Front. Psychol. 3:92. doi: 10.3389/fpsyg.2012.
00092
Perry, C. J., Tahiri, A., and Fallah, M. (2014). Feature integration within and across
visual streams occurs at different visual processing stages. J. Vis. 14:10. doi: 10.
1167/14.2.10
Peterhans, E., and von der Heydt, R. (1989). Mechanisms of contour percep-
tion in monkey visual cortex. II. Contours bridging gaps. J. Neurosci. 9,
1749–1763.
Peuskens, H., Claeys, K. G., Todd, J. T., Norman, J. F., Van Hecke, P., and Orban,
G. A. (2004). Attention to 3-D shape, 3-D motion and texture in 3-D structure
from motion displays. J. Cogn. Neurosci. 16, 665–682. doi: 10.1162/0898929043
23057371
Phinney, R. E., and Siegel, R. M. (2000). Speed selectivity for optic flow in area
7a of the behaving macaque. Cereb. Cortex 10, 413–421. doi: 10.1093/cercor/10.
4.413
Frontiers in Computational Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 84 | 15
Perry and Fallah Dorsal stream feature integration
Pinilla, T., Cobo, A., Torres, K., and Valdes-Sosa, M. (2001). Attentional shifts
between surfaces: effects on detection and early brain potentials. Vision Res. 41,
1619–1630. doi: 10.1016/s0042-6989(01)00039-6
Poggio, T., and Ullman, S. (2013). Vision: are models of object recognition
catching up with the brain? Ann. N Y Acad. Sci. 1305, 72–82. doi: 10.1111/nyas.
12148
Priebe, N. J., Cassanello, C. R., and Lisberger, S. G. (2003). The neural represen-
tation of speed in macaque area MT/V5. J. Neurosci. 23, 5650–5661. doi: 10.
1038/14819
Priebe, N. J., Lisberger, S. G., and Movshon, J. A. (2006). Tuning for spatiotemporal
frequency and speed in directionally selective neurons of macaque striate cortex.
J. Neurosci. 26, 2941–2950. doi: 10.1523/jneurosci.3936-05.2006
Pylyshyn, Z. (1989). The role of location indexes in spatial perception: a sketch
of the FINST spatial-index model. Cognition 32, 65–97. doi: 10.1016/0010-
0277(89)90014-0
Pylyshyn, Z. (1994). Some primitive mechanisms of spatial attention. Cognition 50,
363–384. doi: 10.1016/0010-0277(94)90036-1
Raffi, M., and Siegel, R. M. (2007). A functional architecture of optic flow in
the inferior parietal lobule of the behaving monkey. PLoS One 2:e200. doi: 10.
1371/journal.pone.0000200
Raffi, M., Carrozzini, C., Maioli, M. G., and Squatrito, S. (2010). Multimodal
representation of optic flow in area PEc of macaque monkey. Neuroscience 171,
1241–1255. doi: 10.1016/j.neuroscience.2010.09.026
Raffi, M., Persiani, M., Piras, A., and Squatrito, S. (2014). Optic flow neurons in area
PEc integrate eye and head position signals. Neurosci. Lett. 568, 23–28. doi: 10.
1016/j.neulet.2014.03.042
Raymond, J. E., Shapiro, K. L., and Arnell, K. M. (1992). Temporary suppression
of visual processing in an RSVP task: an attentional blink? J. Exp. Psychol. Hum.
Percept. Perform. 18, 849–860. doi: 10.1037/0096-1523.18.3.849
Raymond, J. E., Shapiro, K. L., and Arnell, K. M. (1995). Similarity determines the
attentional blink. J. Exp. Psychol. Hum. Percept. Perform. 21, 653–662. doi: 10.
1037//0096-1523.21.3.653
Reynolds, J. H., Alborzian, S., and Stoner, G. R. (2003). Exogenously cued atten-
tion triggers competitive selection of surfaces. Vision Res. 43, 59–66. doi: 10.
1016/s0042-6989(02)00403-0
Riesenhuber, M., and Poggio, T. (1999). Hierarchical models of object recognition
in cortex. Nat. Neurosci. 2, 1019–1025. doi: 10.1038/14819
Rodman, H. R., and Albright, T. D. (1989). Single-unit analysis of pattern-motion
selective properties in the middle temporal visual area (MT). Exp. Brain Res. 75,
53–64. doi: 10.1007/bf00248530
Rodríguez, V., Valdes-Sosa, M., and Freiwald, W. (2002). Dividing attention
between form and motion during transparent surface perception. Brain Res.
Cogn. Brain Res. 13, 187–193. doi: 10.1016/s0926-6410(01)00111-2
Roe, A. W., and Ts’o, D. Y. (1999). Specificity of color connectivity between primate
V1 and V2. J. Neurophysiol. 82, 2719–2730.
Roelfsema, P. R., and Spekreijse, H. (2001). The representation of erroneously
perceived stimuli in the primary visual cortex. Neuron 31, 853–863. doi: 10.
1016/s0896-6273(01)00408-1
Roelfsema, P. R., Lamme, V. A., and Spekreijse, H. (1998). Object-based attention in
the primary visual cortex of the macaque monkey. Nature 395, 376–381. doi: 10.
1038/26475
Rolls, E. T., and Baylis, G. C. (1986). Size and contrast have only small effects on
the responses to faces of neurons in the cortex of the superior temporal sulcus
of the monkey. Exp. Brain Res. 65, 38–48. doi: 10.1007/bf00243828
Ross, J., Badcock, D. R., and Hayes, A. (2000). Coherent global motion in the
absence of coherent velocity signals. Curr. Biol. 10, 679–682. doi: 10.1016/s0960-
9822(00)00524-8
Saito, H., Yukie, M., Tanaka, K., Hikosaka, K., Fukada, Y., and Iwai, E. (1986).
Integration of direction signals of image motion in the superior temporal sulcus
of the macaque monkey. J. Neurosci. 6, 145–157.
Salzman, C. D., Murasugi, C. M., Britten, K. H., and Newsome, W. T. (1992).
Microstimulation in visual area MT: effects on direction discrimination perfor-
mance. J. Neurosci. 12, 2331–2355.
Sáry, G., Vogels, R., and Orban, G. A. (1993). Cue-invariant shape selectivity of
macaque inferior temporal neurons. Science 260, 995–997. doi: 10.1126/science.
8493538
Sato, T., Kawamura, T., and Iwai, E. (1980). Responsiveness of inferotemporal single
units to visual pattern stimuli in monkeys performing discrimination. Exp. Brain
Res. 38, 313–319. doi: 10.1007/bf00236651
Sayim, B., Westheimer, G., and Herzog, M. H. (2008). Contrast polarity, chromatic-
ity and stereoscopic depth modulate contextual interactions in vernier acuity.
J. Vis. 8:12. doi: 10.1167/8.8.12
Schein, S. J., and Desimone, R. (1990). Spectral properties of V4 neurons in the
macaque. J. Neurosci. 10, 3369–3389.
Schiller, P. H. (1993). The effects of V4 and middle temporal (MT) area lesions on
visual performance in the rhesus monkey. Vis. Neurosci. 10, 717–746. doi: 10.
1017/s0952523800005423
Schwartz, E. L., Desimone, R., Albright, T. D., and Gross, C. G. (1983). Shape
recognition and inferior temporal neurons. Proc. Natl. Acad. Sci. U S A 80, 5776–
5778. doi: 10.1073/pnas.80.18.5776
Sereno, A. B., and Maunsell, J. H. (1998). Shape selectivity in primate lateral
intraparietal cortex. Nature 395, 500–503. doi: 10.1038/26752
Sereno, M. E., Trinath, T., Augath, M., and Logothetis, N. K. (2002). Three-
dimensional shape representation in monkey cortex. Neuron 33, 635–652.
doi: 10.1016/s0896-6273(02)00598-6
Shadlen, M. N., and Newsome, W. T. (1996). Motion perception: seeing and
deciding. Proc. Natl. Acad. Sci. U S A 93, 628–633. doi: 10.1073/pnas.93.
2.628
Shipp, S., and Zeki, S. (1985). Segregation of pathways leading from area V2 to
areas V4 and V5 of macaque monkey visual cortex. Nature 315, 322–325. doi: 10.
1038/315322a0
Shipp, S., and Zeki, S. (2002). The functional organization of area V2, I:
specialization across stripes and layers. Vis. Neurosci. 19, 187–210. doi: 10.
1017/s0952523802191164
Siegel, R. M., and Andersen, R. A. (1988). Perception of three-dimensional
structure from motion in monkey and man. Nature 331, 259–261. doi: 10.
1038/331259a0
Siegel, R. M., and Read, H. L. (1997). Analysis of optic flow in the monkey parietal
area 7a. Cereb. Cortex 7, 327–346. doi: 10.1093/cercor/7.4.327
Snowden, R. J., Treue, S., and Andersen, R. A. (1992). The response of neurons in
areas V1 and MT of the alert rhesus monkey to moving random dot patterns.
Exp. Brain Res. 88, 389–400. doi: 10.1007/bf02259114
Snowden, R. J., Treue, S., Erickson, R. G., and Andersen, R. A. (1991). The
response of area MT and V1 neurons to transparent motion. J. Neurosci. 11,
2768–2785.
Solomon, S. G., and Lennie, P. (2005). Chromatic gain controls in visual cor-
tical neurons. J. Neurosci. 25, 4779–4792. doi: 10.1523/jneurosci.5316-04.
2005
Solomon, S. G., Peirce, J. W., and Lennie, P. (2004). The impact of suppressive
surrounds on chromatic properties of cortical neurons. J. Neurosci. 24, 148–160.
doi: 10.1523/jneurosci.3036-03.2004
Stoner, G. R., and Albright, T. D. (1996). The interpretation of visual motion:
evidence for surface segmentation mechanisms. Vision Res. 36, 1291–1310.
doi: 10.1016/0042-6989(95)00195-6
Stoner, G. R., Mitchell, J. F., Fallah, M., and Reynolds, J. H. (2005). Interacting
competitive selection in attention and binocular rivalry. Prog. Brain Res. 149,
227–234. doi: 10.1016/s0079-6123(05)49016-0
Taira, M., Mine, S., Georgopoulos, A. P., Murata, A., and Sakata, H. (1990). Parietal
cortex neurons of the monkey related to the visual guidance of hand movement.
Exp. Brain Res. 83, 29–36. doi: 10.1007/bf00232190
Tanaka, K., Saito, H., Fukada, Y., and Moriya, M. (1991). Coding visual images of
objects in the inferotemporal cortex of the macaque monkey. J. Neurophysiol.
66, 170–189.
Tanaka, K., Sugita, Y., Moriya, M., and Saito, H. (1993). Analysis of object motion
in the ventral part of the medial superior temporal area of the macaque visual
cortex. J. Neurophysiol. 69, 128–142.
Taub, E., Victor, J. D., and Conte, M. M. (1997). Nonlinear preprin short-range
motion. Vision Res. 37, 1459–1477. doi: 10.1016/s0042-6989(96)-7
Tchernikov, I., and Fallah, M. (2010). A color hierarchy for automatic target
selection. PLoS One 5:e9338. doi: 10.1371/journal.pone.0009338
Thier, P., and Erickson, R. G. (1992). Responses of visual-tracking neurons from
cortical area MST-I to visual, eye and head motion. Eur. J. Neurosci. 4, 539–553.
doi: 10.1111/j.1460-9568.1992.tb00904.x
Thompson, P. (1982). Perceived rate of movement depends on contrast. Vision Res.
22, 377–380. doi: 10.1016/0042-6989(82)90153-5
Thompson, P., Brooks, K., and Hammett, S. T. (2006). Speed can go up as well as
down at low contrast: implications for models of motion perception. Vision Res.
46, 782–786. doi: 10.1016/j.visres.2005.08.005
Frontiers in Computational Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 84 | 16
Perry and Fallah Dorsal stream feature integration
Ts’o, D. Y., and Gilbert, C. D. (1988). The organization of chromatic and spatial
interactions in the primate striate cortex. J. Neurosci. 8, 1712–1727.
Tsui, J. M., and Pack, C. C. (2011). Contrast sensitivity of MT receptive field centers
and surrounds. J. Neurophysiol. 106, 1888–1900. doi: 10.1152/jn.00165.2011
Tsutsui, K., Jiang, M., Yara, K., Sakata, H., and Taira, M. (2001). Integration of
perspective and disparity cues in surface-orientation-selective neurons of area
CIP. J. Neurophysiol. 86, 2856–2867.
Valdes-Sosa, M., Cobo, A., and Pinilla, T. (1998). Transparent motion and
object-based attention. Cognition 66, B13–B23. doi: 10.1016/s0010-0277(98)
00012-2
Valdes-Sosa, M., Cobo, A., and Pinilla, T. (2000). Attention to object files defined by
transparent motion. J. Exp. Psychol. Hum. Percept. Perform. 26, 488–505. doi: 10.
1037/0096-1523.26.2.488
von der Heydt, R., and Peterhans, E. (1989). Mechanisms of contour perception
in monkey visual cortex. I. Lines of pattern discontinuity. J. Neurosci. 9, 1731–
1748.
von der Heydt, R., Peterhans, E., and Baumgartner, G. (1984). Illusory contours
and cortical neuron responses. Science 224, 1260–1262. doi: 10.1126/science.
6539501
Wannig, A., Rodriguez, V., and Freiwald, W. A. (2007). Attention to surfaces
modulates motion processing in extrastriate area MT. Neuron 54, 639–651.
doi: 10.1016/j.neuron.2007.05.001
Wilson, H. R., and Kim, J. (1994). A model for motion coherence and transparency.
Vis. Neurosci. 11, 1205–1220. doi: 10.1017/s0952523800007008
Zaksas, D., and Pasternak, T. (2006). Directional signals in the prefrontal cortex
and in area MT during a working memory for visual motion task. J. Neurosci.
26, 11726–11742. doi: 10.1523/jneurosci.3420-06.2006
Zeki, S., Watson, J. D., Lueck, C. J., Friston, K. J., Kennard, C., and Frackowiak, R. S.
(1991). A direct demonstration of functional specialization in human visual
cortex. J. Neurosci. 11, 641–649.
Zhou, H., Friedman, H. S., and von der Heydt, R. (2000). Coding of border
ownership in monkey visual cortex. J. Neurosci. 20, 6594–6611.
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 18 April 2014; accepted: 16 July 2014; published online: 05 August 2014.
Citation: Perry CJ and Fallah M (2014) Feature integration and object represen-
tations along the dorsal stream visual hierarchy. Front. Comput. Neurosci. 8:84.
doi: 10.3389/fncom.2014.00084
This article was submitted to the journal Frontiers in Computational Neuroscience.
Copyright © 2014 Perry and Fallah. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Computational Neuroscience www.frontiersin.org August 2014 | Volume 8 | Article 84 | 17
